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Abstract
We present a detailed description of a search for anomalous production of missing
ET (6ET), jets, leptons (e, µ, τ), b-quarks, or additional photons in events containing
two isolated, central (|η| < 1.0) photons with ET > 12 GeV. The results are consistent
with standard model expectations, with the possible exception of one event that has in
addition to the two photons a central electron, a high-ET electromagnetic cluster, and
large 6ET. We set limits using two specific SUSY scenarios for production of diphoton
events with 6ET.
PACS numbers 13.85Rm, 12.60.Jv, 13.85.Qk, 14.80.Ly
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1 INTRODUCTION
In many models involving physics beyond the standard model (SM) [1], cascade decays of
heavy new particles generate γγ signatures involving missing transverse energy ( 6ET), jets,
leptons, gauge bosons (W , Z0, γ), and possibly b-quarks. Some examples are supersymmetry
with a light gravitino [2], radiative decays to a higgsino-LSP [3] and models with large
symmetry groups [4]. In the data taken during 1993-1995 by the CDF detector [5, 6] an
‘eeγγ 6ET’ candidate event [7] was recorded. Supersymmetric models can explain the eeγγ 6ET
signature, for example, via the pair production and decay of selectrons via e˜→ eN2 → eγN1,
(see Figure 1) or e˜→ eN1 → eγG˜, (see Figure 2).
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Figure 1: The Feynman diagram for e˜ pair
production and decay in the N2 → γN1 sce-
nario of Kane et al. Both selectrons decay
via e˜→ eN2 where N2 is the next-to-lightest
neutralino which in turn decays via N2 →
γN1.
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Figure 2: The Feynman diagram for e˜ pair
production and decay in the light gravitino
scenario. Both selectrons decay via e˜→ eN1
where N1 is the lightest neutralino which in
turn decays via N1 → γG˜.
This paper describes a systematic search for other anomalous γγ events by examining
events with two isolated, central (|η| < 1.0) photons with ET > 12 GeV which contain 6ET,
jets, leptons (e, µ, τ), b-quarks, or additional photons [8]. The search is based on 85 pb−1 of
data from p¯p collisions at
√
s = 1.8 TeV collected with the CDF detector.
The remainder of Section 1 is devoted to a description of the detector. Section 2 discusses
the diphoton event selection, the efficiencies of the selection criteria, and the purity of the
sample. Section 3 discusses a search for anomalous events in the sample. Section 4 discusses
the eeγγ 6ET candidate event. Section 5 discusses the possible standard model sources for
the eeγγ 6ET signature and estimates the number of events expected from each. Section 6
discusses the possible interpretations of this event and places limits on some of the models
which have risen to explain it. Section 7 contains the conclusions.
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1.1 Overview of the CDF detector
The CDF detector is an azimuthally and
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Figure 3: A schematic drawing of one-
quarter of the CDF detector
forward-backward symmetric magnetic detec-
tor designed to study p¯p collisions at the Fer-
milab Tevatron. A schematic drawing of the
major detector components is shown in Fig-
ure 3. A more detailed description can be
found in [5]; recent detector upgrades are de-
scribed in [9]. The magnetic spectrometer
consists of tracking devices inside a 3-m di-
ameter, 5-m long superconducting solenoidal
magnet which operates at 1.4 T. A four-layer
silicon microstrip vertex detector (SVX) [9]
makes measurements between the radii of
2.8 cm and 7.9 cm, and is used to identify
b hadron decays. A set of vertex time projec-
tion chambers (VTX) surrounding the SVX
provides measurements in the r-z plane up to
a radius of 22 cm, and is used to find the z po-
sition of the p¯p interaction (zvertex). The 3.5-m
long central tracking chamber (CTC), which
provides up to 84 measurements between the
radii of 31.0 cm and 132.5 cm, is used to measure the momentum of charged particles with
momentum resolution σp/p < 0.001p (p in GeV/c). The calorimeter, constructed of projec-
tive electromagnetic and hadronic towers, is divided into a central barrel which surrounds
the solenoid coil (|η| < 1.1), ‘end-plugs’ (1.1 < |η| < 2.4), and forward/backward modules
(2.4 < |η| < 4.2). Wire chambers with cathode strip readout give 2-dimensional profiles of
electromagnetic showers in the central and plug regions (CES and PES systems, respec-
tively). A system of drift chambers (CPR) outside the solenoid and in front of the elec-
tromagnetic calorimeters uses the 1-radiation-length thick magnet coil as a ‘preradiator’,
allowing photon/π0 discrimination on a statistical basis by measuring the conversion prob-
ability [10]. Muons are identified with the central muon chambers, situated outside the
calorimeters in the region |η| < 1.1.
To ensure that events are well measured, only events in which both photon candidates
fall within the fiducial volume of the central electromagnetic calorimeter (CEM) are selected.
The CEM is made of shower counters arranged in a projective tower geometry, with each
tower composed of absorber sheets interspersed with scintillator. The towers are constructed
in 48 wedges, each consisting of 10 towers in η by one tower in φ. The position and transverse
profile of a photon shower, within a tower, is measured using the CES which is embedded
near shower maximum at approximately 6 radiation lengths. These chambers have wires in
the r − φ view and cathode strips in the z view. To be in the fiducial region, the shower
position is required to lie within 21 cm of the tower center (|Xwire| < 21.0 cm) in the r − φ
view so that the shower is fully contained in the active region. The region |η| < 0.05, where
the two halves of the detector meet, is excluded. The region 0.77< η < 1.0, 75◦ < φ < 90◦ is
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uninstrumented because it is the penetration for the cryogenic connections to the solenoidal
magnet. In addition, the region 1.0< |η| < 1.1 is excluded because of the smaller depth of
the electromagnetic calorimeter in the region. Within the angular region 0.05< |η| < 1.0
and 0< φ < 2π the fiducial coverage is roughly 87% per photon. For low-ET photons (E
γ2
T ≤
22 GeV) the fiducial region is reduced to |Xwire| < 17.5 cm to be consistent with the trigger
requirements. The tight fiducial region coverage is approximately 73% for low-ET photons.
The CDF detector is a relatively well-understood measuring instrument and there exist
standard identification selection criteria for electrons, muons, taus, b-quarks, and jets that
were developed for, among other things, the discovery of the top quark and studies of its
properties. Descriptions for these criteria can be found in Refs. [11, 12, 13, 14, 15]. Photon
identification [10] is described in more detail in Section 2. The 6ET calculation used in this
search has been customized for this analysis and is described in Section 3.
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2 Data Selection and Photon Identification
Events are selected based on the identification of two photon candidates in the central
region of the CDF detector, |η| < 1.0. The final selection criteria are listed in Table 1 and
are described below. The central region contains calorimeters and tracking chambers, and
since the interaction of a high energy photon with the detector is similar to that of an
electron, many of the same techniques for identifying electrons are used to identify isolated
photons [10, 12]. The calorimeters are used to measure the 4-momentum of the photon as
well as to distinguish between photons produced directly in the p¯p collision and those which
are produced in the decay of hadrons, such as π0 → γγ. The tracking chambers are used to
provide additional rejection against jets of hadrons as well as electrons.
Photon Identification and Isolation Cuts
Central (|η| < 1.0)
≤1 3D tracks pointing at the cluster, PT < 1 GeV
χ2CES < 10.0
|σCES| < 2.0
E2nd cluster ≤ −0.00945 + 0.144× EγT (EγT < 17.88 GeV)
E2nd cluster ≤ 2.39 + 0.01× EγT (EγT > 17.88 GeV)
12 GeV < Eγ2T < 22 GeV E
γ2
T ≥ 22 GeV
Low-Threshold Trigger High-Threshold Trigger
Tight Fiducial Loose Fiducial
EIso3x3≤ 4 GeV Had/EM < 0.055 + 0.00045E.
IsoCal < 0.10
PTracksT in a cone of 0.4 < 5 GeV
Global Event Cuts
|zVertex| < 60.0 cm
ET out-of-time = 0 GeV
Table 1: The selection criteria used to identify diphoton candidate events.
The initial data sample for the search consists of events with two photon candidates
selected by the three-level trigger [16]. At Level 1, (L1), events are required to have two
central electromagnetic calorimeter (CEM) trigger towers [17] which measure more than
4 GeV. At Level 2 (L2), two triggers, one optimized for good background rejection at low ET
and the other for high efficiency at high ET, are ‘OR’d. The low-threshold diphoton trigger
requires two electromagnetic clusters [11] with ET > 10 GeV and less than 4 GeV in a 3-
by-3 array of trigger towers around the cluster (EIso3x3); the high-threshold (16 GeV) trigger
has no isolation requirement. Corresponding Level 3 (L3) triggers require cluster energies
calculated with the offline photon algorithm [10] to be above the 10 and 16 GeV thresholds
respectively. The low-threshold trigger also requires the clusters be in a restricted fiducial
region of the calorimeter to ensure a good cluster measurement in the strip chambers.
8
2.1 Photon Identification
Photon candidates are identified as electromagnetic clusters of energy deposited in the central
electromagnetic calorimeter and are required to be consistent with being produced from
a single prompt photon shower [10]. To reject against backgrounds from electrons and
hadronic jets, each candidate is required to pass the identification selection criteria of Table 1.
Electrons, which have shower characteristics similar to those of photons, can be removed by
identifying the associated track. Hadronic jets, which can contain photons from neutral
meson decays, can be removed since they typically contain multiple particles that can be
identified by the calorimeter and/or tracking chamber.
Electrons and charged hadrons can be rejected by the presence of their tracks pointing
at a photon candidate. Each photon candidate is required to have no charged track pointing
at it. However, to reduce the inefficiency due to unrelated particles, a single track is allowed
to point at the cluster if the track has a measured PT ≤ 1 GeV.
The ratio Had/EM of the energy in the hadronic towers of the photon cluster (Had)
to the energy in the electromagnetic towers in the photon cluster (EM) is used to reject
hadronic backgrounds [12]. Electromagnetic showers deposit most (typically > 95%) of their
energy in the electromagnetic calorimeters, while hadron showers in general deposit energy
in both the hadronic and electromagnetic compartments. For events with both photons with
EγT>22 GeV, each photon is required to have Had/EM < 0.055 + 0.00045×Eγ.
The shower shape measured in the CES is used to distinguish between single photon
and the remaining hadronic backgrounds. A χ2 test is used to separately compare the energy
deposited in the z view and in the r − φ view to that expected from test beam data [10].
The average of the two measurements, χ2CES, is required to be below 10. To reject cosmic
rays, the measured shower shape for each candidate in the CES is fitted to that expected
from the measured CEM energy and vertex position. The result of the comparison, σCES, is
required to be within 2 standard deviations from expectations.
2.2 Photon Isolation
Photons from the radiative decays of heavy new particles are, in general, expected to be
“isolated,” that is, they are not expected to be produced in association with other nearby
particles. A number of different isolation variables help reduce hadronic jet backgrounds (see
Table 1).
The energy in a 3x3 trigger tower array [17] around the primary tower (in both the
hadronic and electromagnetic calorimeters, but not including the primary electromagnetic
tower) is summed and is referred to as EIso3x3. A requirement of E
Iso
3x3<4 GeV is imposed both
at the trigger level and offline on each photon if either photon candidate has EγT<22 GeV.
For high energy photons, the leakage of the shower into the hadronic compartments makes
this requirement inefficient, and it is removed if both photons have EγT > 22 GeV.
The cluster isolation, IsoCal, is similar to the trigger tower isolation, but is more efficient
for higher energy photons since it scales with the photon energy. The IsoCal variable is
defined as
IsoCal =
EconeT − EclusterT
EclusterT
, (1)
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where EconeT is the sum of the electromagnetic and hadronic transverse energies in all of
the towers (including those in the photon cluster) in a cone of R =
√
(∆η)2 + (∆φ)2 = 0.4
centered around the photon cluster, and EclusterT is the electromagnetic transverse energy in
the photon cluster. For events with both photons with EγT>22 GeV, each photon is required
to have IsoCal <0.1.
While there may be no track pointing directly at the cluster, tracks near the cluster
may indicate that the cluster is due to a jet. The track isolation is defined as the scalar sum
of the transverse momenta of all tracks in a cone of radius R=0.4 in η − φ space centered
on the photon. For events with both photons with EγT>22 GeV, each photon is required to
have the sum be less than 5.0 GeV.
To remove photons from π0 → γγ production, photon candidates which have a second
electromagnetic cluster, as measured by the strip chambers, are rejected. To maintain a
constant efficiency for all photon energies separate requirements for low energy and high
energy photon candidates are made [18]:
E2nd cluster ≤ −0.00945 + 0.144× EγT (2)
for EγT < 17.88 GeV, and
E2nd cluster ≤ 2.39 + 0.01× EγT (3)
for EγT > 17.88 GeV.
2.3 Additional Event Requirements
In addition to the photon identification and isolation requirements, there are cuts on the
primary vertex and on the time of the energy deposited in the calorimeter to ensure that
events are well measured and are not due to cosmic ray sources.
To maintain the projective geometry of the detector, only events in which the primary
vertex occur near the center of the detector are selected. The position, in z, of the primary
event vertex, zvertex, is measured by the vertex tracking chamber (VTX). The z positions of
the interactions are distributed around the nominal interaction in an approximately Gaussian
distribution with σ ≈ 30 cm. A requirement of |zvertex| < 60 cm is used.
To reduce cosmic ray interaction backgrounds which might occur during an event, re-
quirements are made on the time of arrival of energy in the hadronic calorimeter. The typical
time-of-flight for relativistic particles to travel from the interaction point at the center of
the detector to the calorimeter is approximately 7 nsec. Since every tower in the central
hadronic calorimeter has timing information associated with the energy deposited [5], all
energy deposited at time t must occur within a 28 nsec window around the nominal collision
time, t0, and corrected for the time of flight to be considered ‘in time’ with the collision.
The window is defined by
− 20 nsec < t− t0 < 35 nsec. (4)
The event is rejected if any tower has more than 1 GeV deposited outside the timing window.
10
2.4 Final Offline Selection
The final offline event selection criteria are listed in Table 1. The two different sets of
selection criteria correspond to the two trigger paths and allow the efficiencies to be well
measured. The low-threshold criteria require both photons to have EγT > 12 GeV (where the
10 GeV trigger becomes > 98% efficient) while the high-threshold criteria are used if both
photons have EγT> 22 GeV (where the 16 GeV trigger becomes > 98% efficient). The final
data set consists of 2239 events.
2.5 Efficiency of the Selection Criteria
The efficiencies of the selection criteria listed in Table 1 are measured using electrons. Two
samples of electrons from Z0/γ∗ → e+e− events are used: one from the data and one
generated using the PYTHIA Monte Carlo generator [19] and a detector simulation. Each
sample is composed of events with one electron candidate in the fiducial region which passes
tight identification and isolation criteria, a second candidate in the fiducial region with
ET > 20 GeV and a matching track with PT > 13 GeV. As shown in Ref. [12], an additional
requirement on the invariant pair mass, Me+e−, within 10 GeV of the Z
0 mass produces a
fairly pure and unbiased sample of electrons which can be used to measure the efficiency of
the selection criteria. As a check, the efficiency for each requirement is also calculated using
a second sample of events with Me+e− > 30 GeV. Differences between data and Monte Carlo
are quantified as corrections, Ci, to the data.
The efficiencies of the identification and isolation selection criteria are shown in Fig-
ures 4, 5 and 6 as a function of EγT. Figure 6 shows that the ratio of efficiencies is fairly flat
as a function of ET.
The distribution in the shower shape variable for rejecting cosmic rays, σCES, is different
for electrons and photons and is not well modeled in the detector simulation. The efficiency
is estimated from the data and taken to be ǫσCES = (99.5± 0.1)%. The σCES requirement is
not used in Monte Carlo simulations, so no correction is made.
An additional systematic uncertainty is estimated as half the range of efficiencies as a
function of EγT (5%) and is added in quadrature with the statistical uncertainties. The total
photon identification (ID) and isolation (Iso) efficiency is ǫ(ID and Iso) = ǫraw × ǫσCES and is
measured to be ǫLow Threshold(ID and Iso) = (68 ± 3)% and ǫHigh Threshold(ID and Iso) = (84 ± 4)%. The correction to
the efficiency for detecting both photons, C(Id and Iso), to be used in Section 6, is determined
using:
C(Id and Iso) = (
ǫData(ID and Iso)
ǫMC(ID and Iso)
)2. (5)
The measured values are C(Id and Iso) = 0.69± 0.07 and 0.84± 0.08 for the low-threshold and
high-threshold selection criteria, respectively.
Additional corrections are made for data and Monte Carlo differences in the ver-
tex and Energy-Out-of-Time (ETOUT) distributions. The efficiency of the vertex re-
quirements are estimated to be ǫDataz vertex = (93.0± 0.6)%, and ǫMCz vertex = (96.4± 0.5)% which
gives Cz vertex =
ǫData
ǫMC
= 0.965± 0.008. Since the Energy-Out-of-Time (ETOUT) distribu-
tion is not simulated in the Monte Carlo, the efficiency and correction are taken to be
CETOUT = ǫETOUT = (97.5± 0.4)%.
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Figure 4: The efficiency of the photon iden-
tification and isolation selection criteria as
a function of ET as measured from a sam-
ple of e+e− events in the data. The left-
hand plots show the results for events with
Me+e− > 30 GeV, the right-hand plots for
81 GeV < Me+e− < 101 GeV. The upper
plots show the results for the high EγT thresh-
old selections, the lower plots for the lower
EγT threshold selections. The dashed line is
the average efficiency.
Figure 5: The efficiency of the photon iden-
tification and isolation selection criteria as a
function of ET as measured from the detec-
tor simulation. All the criteria are the same
as in Figure 4.
The efficiencies of the diphoton triggers are measured using independent triggers. Fig-
ure 7a shows the efficiency of the L2 low-threshold trigger as a function of the isolation
energy in a 3-by-3 array of trigger towers around the cluster, EIso3x3. Figure 7b shows the
trigger efficiency as a function of EγT; the efficiency is flat as a function of E
γ
T above 12 GeV.
Above 12 GeV the trigger efficiency is taken to be ǫLow ThresholdTrigger = (96± 1)%. The trigger ef-
ficiencies for the L2 trigger and the L2-L3 high-threshold trigger path are shown in Figure 8.
The efficiency is flat as a function of EγT above 22 GeV. Above 22 GeV the trigger efficiency
is taken to be ǫHigh ThresholdTrigger = 100%.
2.6 Purity of the Diphoton Sample
Since the purity of the sample is of less importance than the efficiency for searches for
anomalous events, the selection criteria have been chosen to have high efficiency. Even after
requiring each photon to pass all of the selection criteria, there are still a substantial number
of background events in the sample. The backgrounds are primarily due to hadronic jets
which contain pions, kaons or etas, each of which can decay to multiple photons.
To estimate the photon backgrounds, each photon candidate is compared to the single
12
Figure 6: The same as Figure 4 except that
the points are the ratio of efficiencies of the
photon identification and isolation selection
criteria as measured from the data and the
detector simulation. The dashed line is the
average correction factor.
photon hypothesis and the background hypothesis in a manner similar to that in Ref. [10].
For candidates with ET < 35 GeV, the strip chamber system can distinguish the difference
between a single γ and π0 → γγ. For higher energies, ET > 35 GeV, the two photons cannot
be resolved in the CES. Instead, the central preradiator system (CPR) is used to measure
the conversion probability in the magnet coil. In both cases, it is not possible to separate
prompt photons and backgrounds on an event-by-event basis. However, standard techniques
allow the extraction of purity information on a statistical basis in large samples. Using these
techniques on both candidates the average purity of the photon sample is estimated to be
(15± 4)% prompt diphoton events.
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Figure 7: The top plot shows the efficiency of
the L2 low-threshold trigger as a function of
the EIso3x3 selection. The lower plot shows the
efficiency of the L2/L3 low-threshold trigger
path as a function of Eγ2T the softer of the
two photons. The trigger is fully efficient for
EγT > 12 GeV and has an efficiency of (96±
1)%.
Figure 8: The efficiency of the L2 high-
threshold and the L2/L3 high-threshold trig-
gers as a function of Eγ2T the softer of the
two photons. The trigger is fully efficient for
EγT > 22 GeV and has an efficiency of 100%.
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3 Searches for Deviations from Standard Model Pre-
dictions
Each of the 2239 events in the diphoton sample is searched for the presence of 6ET, jets,
electrons, muons, taus, b-quarks, or additional photons. Deviations from standard model
predictions are searched for using two values of the photon ET thresholds: ET = 12 GeV
and ET = 25 GeV. The ET=12 GeV threshold has better acceptance for low-Q
2 decays
to photons, but has more background. The ET = 25 GeV threshold accepts many fewer
standard model events and so has better discrimination for high-Q2 decays.
3.1 Missing ET
The standard method for inferring the presence of particles that do not interact in the
calorimeter, such as neutrinos, is measuring the missing transverse energy ( 6ET) in the
event [11]. The 6ET is corrected for the measured detector response to jets and takes into
account cracks between detector components and nonlinear calorimeter response [13, 20]. In
addition, the 6ET is corrected for the presence of muons, which do not deposit their total
energy in the calorimeter [13].
While the corrections improve the 6ET
Figure 9: The resolution on one component
of the 6ET ( 6ExT) as determined from a sample
of Z0 → e+e− events.
resolution on average, some events still have a
substantially mismeasured 6ET. Many of these
events can be removed by rejecting events
which have a jet with ET > 10 GeV pointing
within 10◦ in azimuth of the 6ET. Since this
requirement introduces an unnecessary inef-
ficiency and a possible bias when searching
for leptons, bosons, or jets, it is only imposed
when searching for the presence of 6ET and
in making all 6ET plots. The requirement re-
moves only 48 of the 2239 events in the sam-
ple.
The 6ET resolution is measured using
a fairly pure sample of Z0 → e+e− events.
Events are selected if they have two elec-
trons, each passing the standard require-
ments, and Mee within 10 GeV of the mass
of the Z0 [21]. The resolution is plotted in
Figure 9 as a function of ΣECorrectedT where
ΣECorrectedT = ΣET − Ee1T − Ee2T . In the region
ΣECorrectedT < 150 GeV the distribution is well-
parameterized by
σ( 6ExT) = (2.66± 0.34 GeV) + (0.043± 0.007)× ΣECorrectedT . (6)
Standard model diphoton events have no intrinsic 6ET; thus the expected 6ET distribution
can be predicted from the resolution alone. This has the advantage that the estimate is
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determined from the data. The expected 6ET distribution is estimated by smearing the X
and Y components of the true 6ET (assumed to be zero) by the resolution (estimated from
ΣECorrectedT on an event-by-event basis). The systematic uncertainty on the distribution is
found by varying the resolution within its uncertainty.
The data are shown along with the expectations from the resolution simulation in Fig-
ures 10 and 11. With the exception of one event on the tail on the distribution, the ‘eeγγ 6ET’
candidate event [7] ( 6ET = 55± 7 GeV), the data agree well with the expectations. For a
photon ET threshold of 12 GeV one event with 6ET > 35 GeV is observed, with a expec-
tation of 0.5± 0.1 events. For a photon threshold ET of 25 GeV, two events are observed
with 6ET > 25 GeV, with 0.5± 0.1 events expected. The eeγγ 6ET candidate event will be
discussed in more detail in Section 4. The other event has both photons above 25 GeV and
6ET = 34 GeV. However, on close inspection, it appears to be due to two mis-measurements.
The event contains an energetic jet (ET = 44 GeV) which points directly at the region be-
tween the plug and forward calorimeters and near the 6ET in φ and is therefore likely to be
significantly mismeasured. Moreover, one of the photons is at the edge of the fiducial region
and may be undermeasured [22], causing the φ position of the 6ET to be just far enough away
from the jet to pass the ∆φ 6ET−jet > 10
◦ requirement. The 4-vectors of the event are given
in Table 2.
Figure 10: The 6ET spectrum for diphoton
events with EγT > 12 GeV in the data. The
boxes indicate the range of the values of the
6ET distribution predicted from detector res-
olution. The one event on the tail is the
eeγγ 6ET candidate event, described in detail
in Section 4.
Figure 11: The 6ET spectrum for diphoton
events with EγT > 25 GeV in the data. The
boxes indicate the range of the values of the
6ET distribution predicted from detector res-
olution. The one event on the tail is the
eeγγ 6ET candidate event, described in detail
in Section 4.
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Run 67397, Event 47088
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 -85.8 1.6 63.4 106.7 85.8
γ2 30.8 -15.9 6.4 35.3 34.7
j1 40.1 18.8 237 242 44.4
6ET 33.6 -5.5 – – 34.1
Table 2: The 4-vectors of the γγ + 6ET candidate event. This event may be due to mis-
measurement as the ∆φ between the jet and the 6ET is 34◦, the jet points at the region
between the plug and forward calorimeters and the second photon, γ2, is at the edge of the
fiducial region of the central calorimeter and may be undermeasured [22].
3.2 Jets
To search for anomalous production of quarks and gluons, the number of jets, NJet, is counted
in a manner identical to that used in the top-quark discovery in the dilepton channel [13, 20].
Each jet is required to have uncorrected ET > 10 GeV and |η| < 2.0. The distributions in
the number of jets are shown in Figures 12 and 13 for photon ET thresholds of 12 GeV and
25 GeV respectively.
Figure 12: The number of jets, NJet, pro-
duced in association with diphoton pairs
with EγT > 12 GeV. The line is an exponen-
tial fit to the data with NJet ≤ 3, and is
extrapolated to NJet ≥ 4.
Figure 13: The number of jets, NJet, pro-
duced in association with diphoton pairs
with EγT > 25 GeV. The line is an exponen-
tial fit to the data with NJet ≤ 2, and is
extrapolated to NJet ≥ 3.
While there are cross section predictions for γγ, γγ+1 jet and γγ+2 jet production [23],
there is currently no theoretical prediction for higher jet multiplicities. However, it has been
known for some time that the ratio between n-jet and (n− 1)-jet cross sections for W and
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Run 69571, Event 769815
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 12.4 5.3 -1.4 13.5 13.4
γ2 -16.0 -5.3 -3.2 17.1 16.8
µ1 28.2 9.5 -33.4 44.7 29.7
µ2 -26.5 -4.9 -14.9 30.8 27.0
6ET 7.1 -0.3 – – 7.1
Table 3: The 4-vectors of the γγ + µµ candidate event. This event is consistent with a
double-radiative Z0 decay, p¯p→ Z0 → µ+µ−γγ (mµ+µ−γγ = 92± 1 GeV/c2).
Z0 production can be approximated by a constant [24],
Rn =
σ(V + n jets)
σ(V + (n− 1) jets) (7)
where V is either a W or a Z0. This has been confirmed within resolution in the CDF
data [25] and is expected to hold for most processes since additional jets are typically due
to initial-state and final-state radiation.
To look for anomalous NJet production in the γγ data, an exponential fit for small values
of NJet is used to extrapolate to the large NJet region. For diphoton events with E
γ
T > 12 GeV
and NJet ≤ 3 the parameterization predicts 1.6± 0.4 events with 4 or more jets; 2 events
are observed. For diphoton events with EγT > 25 GeV and NJet ≤ 2, the parameterization
predicts 1.7± 1.5 events with 3 or more jets; 0 events are observed.
3.3 Electrons and Muons
Electrons and muons produced in association with photon pairs are required to be isolated,
have ET > 25 GeV, and be in the central part of the detector (|η| < 1.0). They are
identified with the same identification and isolation selection requirements used in the top-
quark discovery [13]. A total of 3 events with a central electron or muon are found in the
data. The first event has two muons and two photons. This event (see Table 3) is consistent
with a double-radiative Z0 decay, p¯p → Z0 → µ+µ−γγ, since the 4-body invariant mass is
mµ+µ−γγ = 92± 1 GeV/c2. The second event (see Table 4) has a single electron. This event
is also likely to be due to the decay of a Z0 boson because me+γγ = 91± 2 GeV/c2 and there
is some indication in the SVX that there is a charged particle traveling in the direction of γ2.
The third event is the ‘eeγγ 6ET’ candidate event and will be discussed further in Section 4.
Only the ‘eeγγ 6ET’ candidate event passes the photon threshold of EγT > 25 GeV.
The dominant standard model sources of extra leptons in γγ events is inclusive W and
Z0 production and decay. Diagrams include W → ℓνγγ,Wγ → ℓνγγ,Wγγ → ℓνγγ, Z0 →
ℓℓγγ, Z0γ → ℓℓγγ and Z0γγ → ℓℓγγ. These processes, where ℓ is an electron, muon or tau,
are simulated using the PYTHIA [19] Monte Carlo and a detector simulation and checked
using the MADGRAPH [26, 27] Monte Carlo. The Monte Carlo estimates 0.04± 0.04 ℓγγ+X
events in the data.
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Run 63541, Event 304680
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 -13.7 -19.9 -28.8 37.6 24.2
γ2 -9.8 -13.1 -10.1 19.2 16.3
e1 19.7 35.0 5.0 40.4 40.1
6ET -4.3 0.4 – – 4.4
Table 4: The 4-vectors of the γγ+e candidate event. The invariant mass of the two photons
and the electron indicates that this may be a Z0 (me+γγ = 91± 2 GeV/c2) where one of the
electrons was identified as a photon or the electron emitted all its energy in a photon via
bremsstrahlung.
A source of eγγ events which is not correctly simulated with the Monte Carlo is Z0γ →
e+e−γ where one of the electrons is identified as a photon. This can occur if the electron
emits a photon via bremsstrahlung (the photon carries away most of the energy and the
electron is lost in the detector) or the track of the electron is not found by the central
tracking chamber. The rate at which electrons are misidentified as a photon is determined
from a sample of Z0 → e+e− events from the data and is estimated to be (1.9± 0.3)% per
electron. The total number of eγγ events expected from this source is estimated from eeγ
data to be 0.2± 0.1.
Summing the above sources gives an expectation of 0.3± 0.1 ℓγγ + X events in the
EγT > 12 GeV data. Similarly, for the photon threshold of E
γ
T > 25 GeV these methods
predict a total of 0.1±0.1 events, dominated by events in which electrons fake photons. The
dominant mechanism for producing ℓℓγγ events is dominated by inclusive Z0 production and
decay. The PYTHIA Monte Carlo predicts a total of 0.04± 0.04 events to be observed in
the data.
3.4 Taus
Hadronic decays of a τ lepton produced in association with diphotons are identified using
standard identification criteria [14] and are required to have ET > 25 GeV and |η| < 1.2.
One τγγ candidate (see Table 5) is observed in the data with EγT > 12 GeV; none with
EγT > 25 GeV. The dominant source of SM τγγ candidate events is from hadronic jets
produced in association with diphoton pairs which fake the hadronic τ decay signature.
This rate is estimated using the methods of Ref. [14]. Figure 14 shows the ET spectrum for
τ leptons measured in the data as well as for backgrounds from fake τ ’s. A total of 0.2± 0.1
events where a jet fakes a τ are expected in the data for EγT > 12 GeV, and 0.03±0.03 events
for EγT > 25 GeV; both are consistent with observation.
3.5 b-Quarks
Jets from b-quarks are identified using the b-tagging jet algorithm (SECVTX) developed for
the top-quark discovery [13, 15]. Two bγγ candidate events are observed in the data with
EγT > 12 GeV; none with E
γ
T > 25 GeV. Quark and gluon jets produced in association with
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Run 66392, Event 23895
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 3.6 23.3 3.9 23.9 23.6
γ2 -11.5 15.4 5.6 20.0 19.2
τ 14.6 -20.7 26.3 36.6 25.4
j1 -13.5 -9.2 11.3 20.2 16.6
j2 19.1 6.4 33.5 39.4 20.3
6ET -12.7 -7.0 – – 14.5
Table 5: The 4-vectors of the γγ+τ candidate event. The 6ET in the event is small (14.5 GeV)
and the first jet, j1, is only 5.5
◦ in φ away from the 6ET.
diphoton pairs are real and fake sources of b-jets. The number of bγγ events from these
sources is estimated using the same methods as developed for the top-quark discovery [13,
15, 28]. Figure 15 shows the ET spectrum of the b-tagged jets and the expectations from
the background prediction. A total of 1.3± 0.7 bγγ events are expected to be in the sample
due to real and fake sources of γγ + b for EγT > 12 GeV; 0.1±0.1 events are expected for
EγT > 25 GeV. The 4-vectors of the objects in the two bγγ events are given in Tables 6 and
7.
Run 63033, Event 337739
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 -21.6 -8.2 -16.7 28.5 23.1
γ2 -14.3 -22.1 -12.8 29.3 26.4
b-jet 44.8 40.8 37.6 71.8 61.0
j2 4.9 13.0 12.4 18.6 13.9
6ET -4.0 -4.5 – – 6.1
Table 6: The 4-vectors of the first γγ + b candidate event.
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Figure 14: The ET spectrum of τ candi-
dates produced in association with dipho-
ton pairs. Only the hadronic decays of
the τ are included. The upper plot is for
diphoton events in which both photons have
EγT > 12 GeV. There are no events with a
τ candidate in the data for EγT > 25 GeV,
as shown in the lower plot. The point rep-
resents the one event in the data; the his-
togram is the expectation from fake τ ’s.
Figure 15: The ET spectrum of b-tags pro-
duced in association with diphoton pairs.
The upper plot is for diphoton events in
which both photons have EγT > 12 GeV. The
lower plot is for diphoton events in which
both photons have EγT > 25 GeV. The
point represents the data; the histogram is
the expectation from real and fake sources
of b-tags. No events have b-tags in the
EγT > 25 GeV sample.
Run 64811, Event 62109
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 -7.1 20.2 -11.1 24.1 21.4
γ2 -23.6 9.5 -10.8 27.6 25.4
b-jet 37.6 48.6 -4.1 62.2 62.0
j2 4.1 -67.5 17.5 70.4 68.1
j3 -8.8 -5.6 -16.6 19.6 10.4
6ET -0.9 -12.8 – – 12.9
Table 7: The 4-vectors of the second γγ + b candidate event. While the 6ET in the event is
12.9 GeV, the second jet, j2, is only 7.4
◦ in φ away from the 6ET.
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3.6 Additional Photons
To search for events with additional photons with ET > 25 GeV, events are required to
have three photons which pass the selection criteria in Table 1. One photon must have
ET > 25 GeV and pass the high-threshold requirements, any two other photon candidates
in the event must both pass the same selection criteria (low-threshold or high-threshold)
so as to trigger the event. No events are observed with more than two photons. The
expected rate is dominated by jets which fake the photon signature and is estimated using
a method similar to that in used in Ref. [14]. The average rate at which jets fake the
photon signature is approximately 1× 10−3/jet and is essentially flat as a function of ET for
ET > 25 GeV. A total of 0.1± 0.1 events are estimated to be in the sample due to γγ + fake
γ for EγT > 12 GeV; 0.01±0.01 for EγT > 25 GeV. The ET spectrum for photon background
sources in which jets fake additional photons is shown in Figure 16.
3.7 Summary of the Searches
Table 8 summarizes the observed and expected numbers of events with 6ET, NJets, additional
leptons, b-tags or photons. With the one possible exception of the eeγγ 6ET candidate, the
data appear to be well predicted by the background expectations [29]. The eeγγ 6ET candidate
event is discussed in the next Section.
Figure 16: The ET spectrum of additional
photons produced in association with dipho-
ton pairs. There are no events in the
data with an additional photon. The upper
and lower plots show the expectation from
fake γ’s for thresholds of EγT > 12 GeV and
EγT > 25 GeV respectively.
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EγT > 12 GeV Threshold
Object Obs. Exp. Ref.
6ET > 35 GeV, |∆φ 6ET−jet| > 10◦ 1 0.5± 0.1 –
NJet ≥ 4, EJetT > 10 GeV, |ηJet| < 2.0 2 1.6± 0.4 –
Central e or µ, Ee or µT > 25 GeV 3 0.3± 0.1 [13]
Central τ , EτT > 25 GeV 1 0.2± 0.1 [14]
b-tag, EbT > 25 GeV 2 1.3± 0.7 [13]
Central γ, Eγ3T > 25 GeV 0 0.1± 0.1 –
EγT > 25 GeV Threshold
Object Obs. Exp. Ref.
6ET > 25 GeV, |∆φ 6ET−jet| > 10◦ 2 0.5± 0.1 –
NJet ≥ 3, EJetT > 10 GeV, |ηJet| < 2.0 0 1.7± 1.5 –
Central e or µ, Ee or µT > 25 GeV 1 0.1 ± 0.1 [13]
Central τ , EτT > 25 GeV 0 0.03 ± 0.03 [14]
b-tag, EbT > 25 GeV 0 0.1 ± 0.1 [13]
Central γ, Eγ3T > 25 GeV 0 0.01 ± 0.01 –
Table 8: The number of observed and expected γγ events with additional objects in 85 pb−1.
Note that the eeγγ 6ET candidate event appears in multiple categories.
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4 The eeγγ 6ET Candidate event
The ‘eeγγ 6ET’ candidate event [7], shown in Figure 17, consists of two high-ET photons,
a central electron, an electromagnetic cluster in the plug calorimeter with ET= 63 GeV
which passes the electron selection criteria used for Z0 identification [12], and the largest
6ET ( 6ET = 55 ± 7 GeV) in the diphoton sample. While the event is unexpected from the
standard model, it could also be due to one or more detection pathologies [30]. In addition
to a detailed study of the event, its properties are compared to a control sample of 1009
well-measured Z0 → e+e− events.
4.1 The Interaction Vertex
The primary vertex, determined using the track from the central electron, is situated at
z = 20.4 cm. The scalar sum of the transverse momentum of the 14 tracks associated with the
vertex is 40.6 GeV and includes 31.8 GeV due to the electron in the central calorimeter. Since
there is no track associated with a photon and the calorimeter has no pointing capabilities,
the z position of the vertex for the photons cannot be determined. Similarly, since there is
no CTC track for the cluster in the plug calorimeter [31], its vertex cannot be determined.
There are three other vertices in the event which are typical of soft p¯p collisions [32]
and are described in Table 9. The instantaneous luminosity, L, during this particular part
of the run was measured to be L = 1.43× 1031/cm2 · sec; at this luminosity there should be,
on average, 2.5 primary vertices. There is no indication that the electron candidates, photon
candidates or the missing transverse energy are due to anything other than the single p¯p
collision which occurred at z = 20.4 cm.
zvertex ΣPT of tracks
associated with the vertex
20.4 cm 40.6 GeV
-8.9 cm 1.3 GeV
-38.9 cm 5.0 GeV
-33.7 cm 5.4 GeV
Table 9: The vertices in the eeγγ 6ET candidate event. ΣPT is the scalar sum of the trans-
verse momentum of tracks associated with the vertex. The primary vertex at 20.4 cm has
ΣPT = 40.6 GeV which includes the PT of the central electron. The other vertices are typ-
ical of soft p¯p collisions [32]. The last two vertices are not completely independent as they
share tracks with a total of 2.03 GeV of ΣPT.
4.2 Timing Information
As described in Section 2.3, every tower in the central hadronic calorimeter has timing
information associated with any energy deposited. Any tower with energy deposited out
of time with the collision might indicate the presence of a cosmic ray interaction in the
event. No tower in the eeγγ 6ET candidate event has more than 1 GeV of energy deposited
outside the timing window. Timing information for clusters in the central electromagnetic
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calorimeter can be found if the shower also deposits energy in the hadronic calorimeters. The
electron arrival time distribution of Figure 18 and has a resolution of ≈ 4 nsec. In contrast,
cosmic rays [33] have an arrival rate which is flat in time and extends to large times (see
Figure 18b). In the eeγγ 6ET candidate event only the central electron and one of the photons
(γ1 in Table 14) have associated timing information [34]. The arrival times of the clusters
are measured to be 15 nsec and 18 nsec after the nominal collision time respectively, well
within expectations, and consistent with each other. There is no indication that any of the
energy deposited in the event is due to a cosmic ray interaction in the detector.
 44.8 GeV
e
1
E
T
 = 36 GeV
g 2
E
T
 = 30
GeV
e Candidate
E
T
 = 63 GeV
g 1
E
T
 = 36 GeV
 eegg E
T
Candidate Event
E
T
 = 55 GeV
Figure 17: An event display for the eeγγ 6ET
candidate event.
Figure 18: The arrival times of electrons and
photons at the central hadronic calorimeter
from Z0 → e+e− events and from a sample
of photons from cosmic rays. In the eeγγ 6ET
candidate event only the central electron and
one of the photons (γ1 in Table 14) have asso-
ciated timing information and are indicated
by the arrows. There is no indication that
any of the energy deposited in the event is
due to a cosmic ray interaction in the detec-
tor.
4.3 The Central Electron
The electron in the central calorimeter passes all the standard electron identification and iso-
lation requirements used in top-quark studies [13]. The measured values of the identification
variables as well as the selection criteria are given in Table 10.
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Requirement Value
ET > 25 GeV ET = 36.4 GeV
E/P < 1.8 E/P= 1.15
Had/EM < 0.05 Had/EM = 0.026
Lshr < 0.2 Lshr= -0.007
χ2strip < 10.0 χ
2
strip = 2.13
|∆xtrack−shower| < 1.5 cm ∆x = 0.02 cm
|∆ztrack−shower| < 3.0 cm ∆z = -0.50 cm
|∆zvertex−track| < 5.0 cm ∆z = 1.31 cm
|zvertex| < 60.0 cm zvertex = 20.4 cm
Fiducial Yes
EIsoT /ET < 0.1 E
Iso
T /ET= 0.02
Table 10: The measured values of the variables used to identify the central electron in the
eeγγ 6ET candidate event. The selection criteria are those used to identify electrons in the
top-quark analyses. For a full description of these variables see Refs.[12, 13].
4.4 The Central Photons
Both photon candidates in the event pass all the selection requirements in Table 1. The
values of the variables used in the selection, as well as the selection criteria, are shown in
Table 11. While it is true that the purity of the sample is low ((15± 4)%), it is not possible
to determine if these photons are directly produced or are from a π0 → γγ decay except on
a statistical basis. The fact that the showers pass the selection criteria (in particular the
χ2CES and σCES requirements) implies that the showers are consistent with coming from the
interaction region.
4.5 The Missing Transverse Energy
The missing transverse energy in the eeγγ 6ET candidate event is measured to be 55 GeV.
The scalar sum of the transverse energy deposited in the calorimeters is measured to be
ΣET = 268 GeV. The majority of the transverse energy (> 60%) is deposited in the four
clusters in the electromagnetic calorimeters where the energy resolution is good [35]; The
rest of the energy in the calorimeter is unclustered. To use the 6ET resolution method of
Section 3.1, the ΣET is corrected by subtracting off all the electromagnetic clusters giv-
ing ΣECorrectedT = 100 GeV. Using Equation 6 yields σ( 6ET) = 7 GeV for a final result of
6ET= 55± 7 GeV. As a check, the total PT of the 4-cluster system (which is well measured)
is 48 ± 2 GeV, opposite to the 6ET and in good agreement with the measured magnitude.
This is a further indication that the imbalance is not caused by spurious energy elsewhere in
the detector. There is no indication that the 6ET is the result of a measurement pathology
or due to a cosmic ray interaction.
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Photon 1
Requirements Value
ET > 22 GeV ET = 36 GeV
≤1 3D tracks, PT < 1 GeV # 3D Tracks = 0
χ2CES < 10 χ
2
CES = 1.9
|σCES| < 2.0 σCES = -0.29
E2nd cluster ≤ 2.39 + 0.01× EγT E2nd Cluster = 1.4 GeV
= 2.92 GeV
Fiducial Yes
Had/EM < 0.055 + 0.00045E Had/EM = 0.012
= 0.079
EIsoT /ET < 0.10 E
Iso
T /ET= 0.050
ΣPT(∆R = 0.4) < 5.0 ΣPT(∆R = 0.4)= 0.39
Photon 2
Requirements Value
ET > 22 GeV ET = 32 GeV
≤1 3D tracks, PT < 1 GeV # 3D Tracks = 0
χ2CES < 10 χ
2
CES = 3.9
|σCES| < 2.0 σCES = -1.6
E2nd cluster ≤ 2.39 + 0.01× EγT E2nd Cluster = 1.2 GeV
= 2.76 GeV
Fiducial Yes
Had/EM < 0.055 + 0.00045E Had/EM= 0.012
= 0.072
EIsoT /ET < 0.10 E
Iso
T /ET = 0.015
ΣPT(∆R = 0.4) < 5.0 ΣPT(∆R = 0.4)= 1.7
Table 11: The measured values of the variables used to identify the central photons in the
eeγγ 6ET candidate event.
4.6 The Electron Candidate in the Plug Calorimeter
The cluster in the plug electromagnetic calorimeter passes all the standard electron identifi-
cation and isolation selection criteria used for Z0 → e+e− identification [12]. In addition it
passes all the requirements used to identify electrons in the region of the plug calorimeter
used in the top-quark discovery [13, 36]. Table 12 and Figure 19 show a comparison of the
values of the measured variables for the cluster to those of electrons from the Z0 → e+e−
control sample. The fact that the shower passes the selection criteria (in particular the
χ23x3 = 1.3 and χ
2
Depth = 0.43 requirements) implies that the shower is consistent with being
from a single, isolated electron emanating from the interaction point. However, a closer
inspection reveals a possible discrepancy with the electron hypothesis.
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Requirement Value
ET > 25 GeV ET = 63 GeV
χ23x3 < 3.0 χ
2
3x3 = 1.3
Had/EM < 0.05 Had/EM= 0.03
EIsoT /ET < 0.1 E
Iso
T /ET =0.05
VTX occupancy > 50% VTX occupancy = 1.0
Fiducial Yes
Additional Selection Criteria used in the top-quark Analysis
χ2Depth < 15.0 χ
2
Depth = 0.43
3D Track through # Tracks = 0
3 CTC axial superlayers
Table 12: The measured values of the variables used to compare the cluster in the plug
calorimeter in the eeγγ 6ET candidate event to electrons. The requirements are those used
to identify electrons from Z0 → e+e− events in the plug calorimeter and are described in
Ref. [12]. The additional selection criteria are those used to identify electrons in the top-
quark analysis [13].
4.7 A Problem with the Electron Interpretation
The tracking information along the trajectory between the primary vertex at z = 20.4 cm and
the cluster in the calorimeter indicates that the cluster is not due to an electron. Figure 20
shows the expected path of the particle as it passes through the SVX, VTX and CTC tracking
chambers. The standard electron identification selection criteria only use the information
from the CTC and VTX detectors. However, in this particular event there is no expectation
of finding a track in the central tracking chamber because the trajectory only passes through
the innermost layers [31].
4.7.1 VTX Tracking
The VTX is a system of eight octagonal time projection modules surrounding the beam
pipe and mounted end-to-end along the beam direction. For every event r − z tracking,
with some φ resolution, provides a measurement of the vertex position as well as additional
tracking information for individual charged particles. The standard electron identification
requirements use a VTX occupancy measurement which is defined to be the ratio of the
number of layers in the VTX in which the electron deposits charge divided by the number of
layers in the VTX expected to be traversed by the electron, given the electron’s trajectory.
The VTX does not provide a precision measurement of the trajectory and cannot distinguish
between single and multiple particles. For more information on the VTX and electron
identification see Refs. [5, 12].
The expected particle trajectory, from the vertex at z = 20.4 cm to the cluster position
at φ ≈ 0.3 rad, η ≈ −1.7, passes through the fiducial part of the VTX. A total of 7 hits
are recorded with 7 hits expected for an occupancy of 100%. Figure 21 shows the VTX
occupancy as a function of η for φ = 0.3 rad, and as a function of φ for η = -1.72. There
appears to be at least one charged particle trajectory at the η and φ of the cluster. The VTX
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Figure 19: The values of the identification
variables for electrons in the plug calorimeter
from a sample of Z0 → e+e− events. The ar-
rows represent the measurement for the clus-
ter in the eeγγ 6ET candidate event.
Figure 20: The expected trajectory for the
cluster in the plug calorimeter as it passes
through the SVX, VTX and CTC tracking
chambers in the eeγγ 6ET candidate event.
information is completely consistent with the interpretation of the cluster as an electron.
4.7.2 SVX Tracking
The standard electron identification selection criteria do not use the SVX because the de-
tector covers only the region |z| < 30 cm. However, for interactions which occur within
|z| < 30 cm, the SVX can often be used to provide precision tracking for electrons [37].
For more details on the SVX as well as the ‘stub’-finding algorithms see Appendix A.
Figure 22 shows the ∆φ between the measured φ position in the strip chambers (CES
and PES respectively) and from SVX stubs found for electrons from the Z0 → e+e− control
sample. The two peaks correspond to the bending of positively and negatively charged
electrons in the magnetic field.
In the eeγγ 6ET candidate event, only the central electron and the electromagnetic cluster
in the plug have stubs. For the electron in the central calorimeter, the ∆φ measurement
is consistent with the negative charge determination from the track in the central tracking
chamber as shown in Figure 22. The stub for the cluster in the plug calorimeter is inconsistent
with the interpretation of the cluster as an electron. The expected ∆φ between the SVX
stub and the measured position in the PES, due to bending in the magnetic field, is expected
to be -2.6 mrad for a 63 GeV positron. The position, in φ, of the electromagnetic cluster as
measured by the strip chambers in the plug calorimeter (PES) is φPES = 0.294 rad, but there
are no SVX clusters in the region 0.29 rad < φ < 0.30 rad in either SVX barrel as seen in
Figure 23. However, the algorithm does pick up a three-cluster stub near the expected path
which is in the barrel with z < 0 (as would be expected for the trajectory). The stub appears
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Figure 21: The VTX occupancy as measured
in the eeγγ 6ET candidate event. The trajec-
tory is assumed to come from the vertex at
z=20.4 cm.
Figure 22: The ∆φ between the measured
electron position from the strip chambers
(CES and PES) and the φ from the SVX
tracker for electrons in the Z0 → e+e− con-
trol sample. The two peaks correspond
to the bending of positively and negatively
charged electrons in the magnetic field.
to be well measured, but has φSVX = 0.265 rad (∆φ = −29 mrad); again see Figure 22.
The non-observation of an SVX stub with the correct ∆φ is unusual for an electron [38].
There is no indication of a φ mismeasurement in the calorimeter [39]. In the SVX there
is a bad strip in the innermost layer (layer 0) at φ = 0.296 ± 0.002 which may be along
the trajectory. While this could cause the loss of a cluster, an electron typically deposits
energy in multiple strips. The trajectory passes near a gap in layer 1 between silicon crystals
at z = 9.6 cm. These could possibly account for two of the three missing clusters. The
SVX cluster-finding efficiency is ≈ 95% due almost entirely to dead strips and gaps between
crystals. With that efficiency, the average probability to miss all three clusters is 1.4× 10−4;
however if the true trajectory passes through the two bad regions, the probability of losing
the third cluster is only less than about 1% [40].
Prompt electrons should have an impact parameter, in the x−y direction, with respect to
the position of the collision consistent with zero. The distribution in the impact parameter of
stubs associated with central and plug electrons from Z0 → e+e− events is shown in Figure 24
along with the results for the electron candidates in the eeγγ 6ET candidate event. While the
stub associated with the central electron has a small impact parameter (46 ±45) µm, the
stub at φ = 0.265 rad has a large value, 90±45 µm, which is on the tail of the distribution but
not inconsistent with the prompt hypothesis. However, the impact parameter measurement
is dependent on the φ position and energy information from the calorimeter. If the stub
is unrelated to the cluster, removing the constraints of calorimeter information from the
tracking algorithm changes the impact parameter measurement to be D0 = 233± 180µm.
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Figure 23: The positions of the SVX clus-
ters with 0.23 rad < φ < 0.33 rad. The
dashed line is the expected trajectory from
the primary vertex to the cluster in the plug
calorimeter using the measured cluster posi-
tion and ET.
Figure 24: The measured impact parame-
ter from the SVX tracker for electrons from
Z0 → e+e− events. The central electron in
the eeγγ 6ET candidate event has an impact
parameter of 46±45µm. The nearest SVX
stub to the φ of the cluster in the plug elec-
tromagnetic calorimeter has an impact pa-
rameter of 90±45µm. Both are consistent
with zero within resolution.
The tracking information is confusing and would be highly unusual for an electron (no
others like it are found in the sample of 1009 well-measured plug electrons). Since there is no
associated track in the central tracking chamber, it is not obvious that the stub has anything
to do with the cluster in the calorimeter. Since there are no other large energy clusters in
the η − φ region suggested by the stub, either this is an SVX or PES failure, or the stub is
due to a low PT charged particle which is not distinguishable in the calorimeter. Based on
the |∆φ| distribution of the Z0 → e+e− events, the probability that this observation is due
to an electron is estimated to be less than 0.3% at 95% C.L.
4.8 Interpreting the Electromagnetic Cluster
To summarize, the relevant experimental facts about the electromagnetic cluster in the plug
calorimeter in the eeγγ 6ET candidate event are:
1. The cluster easily passes all the standard electron identification selection criteria.
2. There are no SVX clusters in the region 0.29 rad < φ < 0.30 rad, with 3 expected.
There is a bad SVX strip in layer 0 and a gap in the coverage in layer 1 which may
lie along the trajectory and cause clusters to be lost. There is an SVX stub which is
near the expected trajectory, but is not necessarily correlated with the plug cluster.
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The stub is well measured and appears to be due to a charged particle traveling at
an η consistent with the cluster. However, the probability for an electron to have
|∆φ| > 0.03 rad between the stub and the cluster is estimated to be less than 0.3% at
95% C.L.
3. Assuming the energy and position of the plug cluster are due to the particle which
made this stub, the best-fit impact parameter of the SVX stub is 90±45µm. While
this is not inconsistent with the prompt electron hypothesis (a 2σ deviation), the result
is highly dependent on the calorimeter information. If the calorimeter information is
removed from the SVX track finding algorithm, the best-fit impact parameter becomes
233± 180µm.
4. The VTX occupancy indicates that there is at least one charged particle traveling in
the direction of the PEM cluster (this could be the track associated with the SVX
stub).
Possible sources of the cluster are discussed in the next Sections.
4.8.1 Two Interactions
One possibility is that the cluster or the SVX stub comes from a different p¯p interaction.
As a check, the VTX and SVX results are investigated using the other vertices in the event;
the results are summarized in Table 13. The trajectory from a vertex to the plug passes
through the SVX fiducial region for only one other vertex; there are no stubs associated
with it. The VTX occupancy along the trajectories from the other vertices do not indicate
a better choice. There is no indication that the stub or cluster is from a different vertex.
Vertex SVX Clusters D0 VTX Occ
(cm) (Exp/Obs) (µm) (Exp/Obs)
20.4 3/3 90±45 7/7
-8.9 3/0 - 9/3
-38.9 0/- - 10/7
-33.7 0/- - 10/4
Table 13: The number of expected versus observed hits in VTX and SVX detectors assuming
the cluster in the plug comes from a different vertex in the event. Due to the cluster position
in the plug calorimeter, only vertices with -13 cm < zvert < 38 cm could give three or more
clusters in the SVX. D0 is the impact parameter.
4.8.2 Anomalous Electron Detection
For example, an electron could emit an energetic photon, via bremsstrahlung, while travers-
ing the detector, or the electron could have had an elastic scattering with a nucleus. If the
photon emission or collision occurs after the electron leaves the SVX, then there should be
at least two final state particles and the SVX stub should, by conservation of momentum,
point to the energy-weighted mean of the energy deposition in the calorimeter (within the
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expected resolution and bending due to the magnetic field). No evidence for a second cluster
is seen in the calorimeter. If the photon emission occurs before the electron reaches the SVX,
then the initial direction of the electron must have been directly toward the center of the
electromagnetic cluster (again by conservation of momentum). In this case the SVX stub is
due to the electron going off with low momentum, and the electromagnetic cluster is due to
the photon. However, the impact parameter would be roughly 5 times that observed. A final
scenario is that the photon emission or collision occurs in the SVX. If this were the case,
there should be a kink in the trajectory defined by the SVX hits and the primary vertex.
No such deviation is seen.
4.8.3 Photonic Interpretation
The cluster could be a photon with a nearby, but unrelated, charged particle. Figure 21
shows that while the occupancy in the VTX has a local maximum at φ = 0.3 rad, it is above
0.5 for all values of φ. Thus, even if the SVX stub is due to an unrelated, low-momentum
charged particle that causes the local maximum in the VTX, the cluster would, by a side band
estimate, still not pass any reasonable photon VTX occupancy requirement. To estimate
the probability that the SVX tracker might find a stub unrelated to the cluster in the plug,
the SVX stub-finding algorithm is used. Instead of using the φ position of the cluster, the φ
is varied between 0 and 2π in increments of 0.01 rad. A total of 8.4% of φ space has a good
stub of which 1.8% is due to the stub at φ = 0.265 rad. It is thus not improbable to find an
unrelated stub or high VTX occupancy in this event.
Another way to estimate the probability for a photon to have an SVX stub and high
VTX occupancy is to use the central photon sample from Section 2 but with the additional
requirement of EγT > 20 GeV. There are 268 events in the sample for a total of 536 photons.
Figure 25 shows the VTX and the ∆φ distributions for the photons in the sample. A total
of 277 photons pass through the fiducial region of the SVX, 16 have an SVX stub and 6
have |∆φ| > 0.03 rad (≈ 2%). A total of 58 of the 536 photons have a VTX occupancy
greater than 50% (≈ 10%). The bottom part of Figure 25 shows that most of the photons
with a stub have low VTX occupancy. No event with |∆φ| >0.03 rad has a VTX occupancy
greater than 0.5 indicating that there is no correlation (at low statistics) between large VTX
occupancy and large |∆φ| [41]. While the cluster could be due to a photon with a soft track
nearby, it is an unusual example as estimated by the diphoton sample, and the hypothesis
cannot be proved or excluded.
4.8.4 Hadronic τ decay
The cluster could be due to the hadronic (1-prong) decay of a τ lepton. For example, the
decay τ → π+π0ντ produces a π+ which could generate the SVX stub and VTX occupancy,
and a π0 which decays via π0 → γγ and could generate a calorimeter cluster that is largely
electromagnetic energy and that passes the remaining electron identification selection crite-
ria. However, most hadronic τ decays will not shower predominantly in the electromagnetic
calorimeter. The cluster in the event deposits roughly 180 GeV in the electromagnetic
calorimeter and only 5 GeV in the hadronic calorimeter. The probability that a τ might
fake the electron signature, but not be from the τ → eννν decay chain, is estimated using a
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Monte Carlo to simulate a sample of τ ’s with a one-prong decay (excluding the electron and
muon decays) interacting with the plug calorimeter [42]. Unfortunately, the detector simu-
lation does not correctly model the VTX occupancy or the χ2 variables in the calorimeter or
strip chambers in the plug, each of which provide rejection against the hadronic decays. To
avoid an underestimate of the probability, the simulated cluster is not required to pass these
requirements. The top part of Figure 26 shows the electromagnetic fraction of the energy
of clusters produced by the τ . The rate at which τ events pass the Had/EM and calorime-
ter isolation selection criteria (corrected for the 50% one-prong branching fraction [43]) is
plotted in the bottom of Figure 26 as a function of the ratio of reconstructed cluster energy
to the original τ energy. For most of phase space the fake rate is flat, typically around 3%;
however at the end points it rises to almost 10%.
Figure 25: The top plot shows VTX occu-
pancy (number of hits/number of hits ex-
pected) for a sample of central photons. A
total of 58 of the 536 photons have a VTX
occupancy of greater than 50%. The mid-
dle plot shows the ∆φ between the mea-
sured photon position and the stub found
by the SVX tracker for photons with a stub.
The lower plot shows the VTX occupancy
for photons which have an associated stub
found by the SVX tracker.
Figure 26: A Monte Carlo simulation of one-
prong hadronic decays of a τ interacting with
the plug calorimeter. The electromagnetic
fraction (EMF) of the energy deposited in
the electromagnetic and hadronic calorime-
ters is shown in the top plot. The measured
cluster energy as a fraction of the true en-
ergy of the τ is shown in the middle plot.
The rate at which τ events pass the Had/EM
and isolation selection criteria (corrected for
the 50% one-prong branching fraction) as a
function of ratio of reconstructed cluster en-
ergy to original τ energy is shown in the bot-
tom plot.
While the cluster in the PEM could be due to the hadronic decay of a τ , and there is
no evidence to the contrary, this would be an unusual example as estimated by the Monte
Carlo. Furthermore, it would in general increase the 6ET since only 20%-100% of true τ
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energy is deposited in the calorimeter. Ignoring additional tracking information from the
SVX and VTX, as well as potential rejection power from the calorimeter, the probability of
a τ to pass the electron selection criteria is conservatively estimated to be less than a few
percent.
4.8.5 Jet Interpretation
A jet associated with the event, either as part of the partonic process or from initial or final
state radiation, could fluctuate to pass all the electron selection criteria. The rate at which
a jet passes the electron selection criteria is estimated using a method similar to that in
Ref. [14] The fake-rate per jet is consistent with being a constant for jets with ET > 25 GeV
with a probability of approximately 2× 10−3/jet. Thus, although the cluster could be due to
a jet which fluctuated to pass the electron selection criteria it would be an unusual example.
4.8.6 Conclusion
Although the cluster passes all of the standard electron selection criteria, the tracking in-
formation provides evidence that the cluster is not due to an electron. The cluster could be
interpreted as a photon, the hadronic decay of a tau lepton, or simply as a jet. While all
three scenarios are reasonable a priori, and are consistent with the facts, each is unlikely in
that this would be an unusual example of any single one of them [44]. There simply is not
enough information to establish the origin of the cluster.
4.9 A Study of the Kinematics of the Event
A study of the kinematics of the eeγγ 6ET candidate event is potentially useful in helping
understanding its origin. The energies and momenta are given in Table 14. There are no
additional jets with ECorrectedT > 10 GeV. Figure 27 shows the 6ET of the system if the energy
of the cluster in the plug calorimeter were mismeasured. For simplicity, the cluster is denoted
as e, and in the plot, Mee is plotted versus 6ET for different correction factors, C, such that
Eused = C × Emeasured. The 6ET cannot be reduced below 25 GeV for any value of C. While
the value of the 6ET is at a local minimum for Mee ≈ MZ0 , where 6EminT = 26.6 GeV, it would
mean that a particle (or particles) with 51 GeV (σ = 2 GeV) of electromagnetic energy was
mismeasured as having 183 GeV of energy.
Table 15 lists the masses and transverse momentum for various combinations of the clus-
ters in the event. One of the most interesting combinations is the ecentralγ1 combination which
has an invariant mass of 91.7 GeV/c2 and a PT of 4.1 GeV. While this could be a Z
0 where one
electron faked the photon signature (there is no track or SVX stub pointing at the photon)
this would be unusual, as estimated in Section 3.3. Table 16 lists the calculated transverse
masses for various combination of the clusters and the 6ET. While the ecentral 6ET combination
is inconsistent with the decay of aW via W → eν (it has MT = 4.3 GeV/c2) the ecentralγ2 6ET
combination could be the radiative decay of a W via W → eνγ (MT = 70.4 GeV/c2).
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Figure 27: The invariant mass of the cluster
in the plug calorimeter, here denoted as an
e, and the electron in the central calorimeter
(Mee) plotted verses the 6ET as the energy of
the cluster in the plug is varied.
4.10 Conclusions
The eeγγ 6ET candidate event appears to originate from a single p¯p collision and consists of
a high quality isolated electron, two isolated photons in the central calorimeter, significant
6ET, and an electromagnetic cluster in the plug calorimeter. While the cluster passes all
of the standard electron selection criteria, further investigation reveals its interpretation is
not obvious. The tracking chambers indicate that there is a charged particle (or particles)
traveling in the direction of the cluster but not directly at it, indicating that the cluster
might not due to an electron. The cluster could be interpreted as a photon, the hadronic
decay of a tau lepton, or simply as a jet. While all of three scenarios are reasonable a priori,
and are consistent with the facts, each is unlikely in that this would be an unusual example
of any single one of them.
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Run 68739, Event 257646
Px Py Pz E ET
(GeV/c) (GeV/c) (GeV/c) (GeV) (GeV)
γ1 32.1(9) -16.8(5) -35(1) 50(1) 36(1)
γ2 -12.9(4) -29.6(9) -22.5(7) 39(1) 32.3(9)
e− -34(1) 11.5(3) 21.7(6) 42(1) 36(1)
Plug EM Cluster 60(2) 19.0(5) -172(5) 183(5) 63(2)
6ET -54(7) 13(7) — — 55(7)
Table 14: The 4-vectors of the electron and photon candidates and the missing transverse
energy in the eeγγ 6ET candidate event using the primary vertex at z=20.4 cm. The parenthe-
ses represent the uncertainty in the last digit and are as determined in Section 3.1 and [35].
There are no additional jets with ECorrectedT > 10 GeV.
Objects MSystem PSystemT 6ET φ(6ET) HT
(Gev/c2) (Gev) (GeV) (deg) (Gev/c2)
eplugecentralγ1γ2 232.4 48.1 52.8 167.2 221.2
eplugγ1γ2 121.8 84.4 89.0 164.9 221.1
ecentralγ1γ2 121.4 38.2 32.0 73.8 137.0
eplugecentralγ1 195.6 59.7 66.9 195.6 202.8
eplugecentralγ2 200.4 13.1 20.0 194.9 152.0
eplugecentral 163.3 40.0 47.5 227.3 147.1
γ1γ2 47.3 50.4 49.3 121.2 118.1
eplugγ1 56.5 92.6 99.1 183.8 198.7
eplugγ2 97.0 48.7 54.1 173.3 149.8
ecentralγ1 91.7 5.8 4.1 166.6 76.8
ecentralγ2 64.1 50.7 43.4 18.6 112.1
Table 15: The kinematics of various combinations of the clusters in the eeγγ 6ET candidate
event. The combination of clusters is referred to as a system. Column 4 ( 6ET) is the transverse
imbalance of that particular sub-system and takes into account the underlying event. The
HT is the transverse mass of the system along with its imbalance. The cluster in the plug is
simply referred to as ePlug for simplicity. The lowest 6ET attainable by simply removing one
electron or photon candidate from the event is 20.0 GeV, which occurs by removing γ1. By
removing both the central photon and the cluster in the plug the 6ET becomes 4.1 GeV.
37
Objects MT
(Gev/c2)
eplugecentralγ1γ2 6ET 221.1
eplugγ1γ2 6ET 182.0
ecentralγ1γ2 6ET 141.2
eplugecentralγ1 6ET 187.0
eplugecentralγ2 6ET 180.4
eplugecentral 6ET 144.2
γ1γ2 6ET 111.9
eplugγ1 6ET 146.2
eplugγ2 6ET 148.5
ecentralγ1 6ET 113.2
ecentralγ2 6ET 70.4
eplug 6ET 111.6
ecentral 6ET 4.3
γ1 6ET 86.9
γ2 6ET 52.8
Table 16: The transverse mass for the measured 6ET and various combinations of the elec-
tron and photon candidates within the eeγγ 6ET candidate event. The cluster in the plug
calorimeter, for simplicity, is labeled ePlug. The transverse mass of the ecentral 6ET and the
‘eplug 6ET’ candidate pairs are 4.3 GeV/c2 and 111.6 GeV/c2 respectively and are thus unlikely
to be from the decay W → eν. However, the ecentralγ2 6ET combination could be due to the
radiative decay of a W via W → eνγ (MT = 70.4 GeV/c2).
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5 Estimating the Number of eeγγ 6ET Events from Stan-
dard Model Sources
The a posteriori estimation of the probability of a single event has measure zero. One instead
has to define an event topology and estimate the number of events which pass that set of
selection requirements from standard model sources. In an attempt to make the requirements
similar to the standard a priori criteria used in CDF W and Z0 analyses, the eeγγ 6ET event
topology is defined by the following list of requirements;
• One isolated electron in the central calorimeter with ET > 25 GeV
• A second isolated electromagnetic cluster, in the central or plug calorimeters, which
passes the electron identification requirements with ET > 25 GeV.
• Two isolated central photons, ET > 25 GeV
• 6ET > 25 GeV
• An electron-electron invariant mass above the mass of the Z0: we use 110 GeV.
A subtlety in the topology requirement is that the cluster in the plug calorimeter is
possibly not an electron. To take this into account, the possible standard model sources
are divided into two classes- those in which the cluster in the plug is caused by an electron,
and those in which it is not. In both cases, electron candidates are required to pass the
standard identification and isolation requirements described in the previous Section [13, 45].
Both photons are required to pass the high-threshold requirements in Table 1. The primary
sources are standard model WWγγ and tt¯ production, events in which jets fake electrons
and/or photons, cosmic ray interactions, and overlapping events.
5.1 Standard Model WWγγ and tt¯ production
The standard model process that is most likely to produce the signature directly (assuming
the cluster in the plug calorimeter is due to an electron) is the production and decay of
WWγγ where
pp¯→ W+W−γγ → (e+ν)(e−ν¯)γγ (8)
with each ν leaving the detector and causing 6ET. To estimate the rate, the MADGRAPH
Monte Carlo [46] is used to simulate the process in lowest order. The cross-section, σWWγγ,
is estimated to be σWWγγ = 0.15±0.05 fb for two photons with ET > 10 GeV, and |η| < 4.0.
Taking into account the uncertainty on the cross section, the luminosity (85±6.8 pb−1), and
differences between detection efficiencies in the data and in the detector simulation, a total
of (8± 4)× 10−7 events is taken as the best estimate for WWγγ producing two electrons,
two photons and 6ET in the observed topology.
Another source, in which both electrons are real, is standard model tt¯ production and
decay. The PYTHIA Monte Carlo is used to simulate production, decay, fragmentation and
the underlying event. Both t-quarks are forced to decay via t → Wb, both W ’s decay via
W → eν, and the photons are produced from radiation from internal fermion lines or are
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from jets which fake the photon signature. Taking into account the uncertainty on the tt¯
cross section, the luminosity, differences between detection efficiencies in the data and in the
detector simulation, the extra photon rates and statistical uncertainties in the sample, the
rate is estimated to be (3± 3)× 10−7 events.
5.2 Estimating the Number of Expected Fake Events
Other processes which contribute to the standard model production rate of eeγγ 6ET events
include events with jets that fake either photons or electrons, two standard model overlapping
events, or additional objects from cosmic rays interacting or radiating in the detector. To
estimate the number of events from these sources, the rate at which a part of the event
occurs is multiplied by the probability that the rest of constituent parts of the event occur
in a random event. For example, to estimate the rate at which WWjj production fakes
the event signature, the rate at which W+W− → e+νe−ν¯ events occur and pass the ee6ET
requirements is multiplied by the probability that two jets are produced in association with
the WW and both fake the photon requirements.
The number of observed events in various channels that constitute a part of the eeγγ 6ET
signature are listed in Table 17. The rates at which jets fake the photon and electron selection
criteria are essentially flat as a function of ET for ET > 25 GeV are also given in Table 17.
The datasets used to measure or estimate these numbers are selected using the standard
electron, photon and 6ET identification requirements described in Sections 2 and 3. The
second part of the estimate requires a determination of the probability of finding an extra
object or objects, such as real or fake photons, in the event. The results for fake 6ET, real
and fake photons, and fake electrons are summarized in Table 18.
5.2.1 Events with a Fake Object or Objects
The number of expected events where part of the event is ‘real’ and part of the event is
‘faked’ is summarized in Table 19. Contributions from events with fake central electrons
have not been included as the expected rate is negligible compared to the other sources. A
total of 3± 3× 10−7 events are expected in the data due to fake sources.
The ‘Real Process’ rates (Column 1) in Table 19 are derived from Table 17 as follows:
• e+e−γ 6ET: The 4 events from the data with Mee > 110 GeV and 6ET > 25 GeV,
multiplied by a factor of 6× 10−4 for a real additional central photon.
• e+e−γγ: The 80 events in the data with Mee > 110 GeV, multiplied by two factors of
6× 10−4 for real additional central photons.
• eCentralγγ 6ET: The 4 ecentral 6ET + γ events, multiplied by a factor of 6× 10−4 for a real
additional central photon.
• e+e− 6ET: The 4 events from the data with Mee > 110 GeV and 6ET > 25 GeV.
• eCentralγ 6ET: The 4 eCentralγ 6ET events.
• eeγ: The 80 ee events in the data with Mee > 110 GeV, multiplied by a factor of
6× 10−4 for a real additional central photon.
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Type of Event Observed Number of events
W -Type Events
ecentral 6ET 58000
ecentral 6ET + γ 4
ecentral 6ET + Central Jet 1383 Events, 1513 jets
ecentral 6ET + Plug Jet 597 Events, 620 jets
eplug 6ET 40000
eplug 6ET + γ 4
Photon-Type Events
ecentralγ 49
eplugγ 22
ecentralγγ 1
eplugγγ 0
γγ 218
γγ + 6ET Events 3
Cosmic-Type Events
γ + 6ET 3181
Z0/γ∗-Type Events(CC/CP)
ee 1660/1771
ee6ET 12/7
eeγ 0/2
Z0 → e+e− 1470/1613
Z0 → e+e− + 6ET 9/3
Z0 → e+e− + γ 0/1
Mee > 110 GeV 40/40
Mee > 110 GeV + 6ET 1/3
Mee > 110 GeV + γ 0/1
Other numbers
Bunch Crossings 3× 1012
Central electron fake rate < 7× 10−5/ jet
(95% C.L. Upper Limit)
Central photon fake rate 1× 10−3/ jet
Plug electron fake rate 2× 10−3/ jet
Table 17: The number of observed events for the various parts of the eeγγ 6ET sig-
nature, used to calculate fake and overlap rates. The Z0 → e+e− events require
81 GeV < Me+e− < 101 GeV. The one event in the Mee > 110 GeV + γ category is the
eeγγ 6ET event.
• eCentralγγ: The 49 eCentralγ events, multiplied by a factor of 6× 10−4 for a real addi-
tional central photon.
• eCentralγ: The 49 eCentralγ events.
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Rate for finding addition objects Rate/Event
Fake 6ET 4× 10−3
R6ET ≈ Z
0→ee6ET Events
Z0→ee Events
= 9+3
1470+1613
≈ 4× 10−3
An additional central photon 6× 10−4
Rγ ≈ Rfakeγ + Rradiationγ
≈ PCentralExtra Jet × P fakeγ + eeγ Eventsee Events
= 1513
58000
× (1× 10−3) + 0+2
1660+1771
= 3× 10−5 + 6× 10−4
≈ 6× 10−4
An additional plug electron candidate 2× 10−5
RfakePlug e ≈ PPlugExtra Jet × P fakePlug e
= 620
58000
× (2× 10−3)
≈ 2× 10−5
An additional central electron (95% C.L.) <2× 10−6
RfakeCent e ≈ PCentralExtra Jet × P fakeCentral e (95% C.L.)
= 1513
58000
× (7× 10−5)
≈ 2× 10−6
Table 18: The estimated rates for finding fake objects (electrons, photons or 6ET) in an
event from various processes. These numbers are estimated using the from the numbers in
Table 17. The rate for finding an additional central photon is probably an overestimate by a
factor of two because both methods include contributions from real photons as well as fakes.
5.2.2 Overlapping Events, Including Cosmic Rays
Events in which two collisions occur at the same time, each producing part of the event,
can fake the eeγγ 6ET signature. The rate of expected events from each source is estimated
to be equal to the rate at which one part of the event occurs, multiplied by the probability
of the rest of the signature occurring in a second overlapping event. The probability of
getting a particular type of overlapping event is estimated to be equal to the number of
events with that signature, divided by the total number of events studied by the detector
during the course of the run (3× 1012). The total rate sums over all processes and includes
contributions from cosmic rays which leave a photon in the detector as well as real physics
contributions which might occur in an overlapping event.
The results for the dominant sources of overlap events are summarized in Table 20.
To take into account the fact that there are 4 interactions in the eeγγ 6ET candidate event,
the estimate is multiplied by 6 to reflect the 6 possible permutations of any two of the four
interactions causing the signature. Summing all the sources, the total rate due to overlapping
events is estimated to be (8± 8)× 10−9 events.
The Process 1 rates (Column 1) in Table 20 are derived as follows:
• eplugγγ: The 22 eplugγ events in the data, multiplied by the fake+real additional
photon rate of 6× 10−4.
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Real Fake Fake Fake Events
Process Process 1 Process 2 Process 3 in 85 pb−1
e+e−γ 6ET γFake — —
2× 10−3 3× 10−5 — — 8× 10−8
e+e−γγ 6EFakeT — —
3× 10−5 4× 10−3 — — 1× 10−7
eCentγγ 6ET eFakePlug — —
2× 10−3 2× 10−5 — — 5× 10−8
ee6ET γFake γFake —
4 3× 10−5 3× 10−5 — 5× 10−9
eCentγ 6ET γFake eFakePlug —
4 3× 10−5 2× 10−5 — 3× 10−9
eeγ γFake 6EFakeT —
5× 10−2 3× 10−5 4× 10−3 — 6× 10−9
eCentγγ e
Fake
Plug 6EFakeT —
3× 10−2 2× 10−5 4× 10−3 — 3× 10−9
eCentγ γ
Fake eFakePlug 6EFakeT
49 3× 10−5 2× 10−5 4× 10−3 1× 10−10
eCent 6ET γFake γFake eFakePlug
58000 3× 10−5 3× 10−5 2× 10−5 2× 10−9
ee γFake γFake 6EFakeT
80 3× 10−5 3× 10−5 4× 10−3 4× 10−10
Sum ≈ 3× 10−7
Table 19: An estimate of the number of events passing the eeγγ 6ET selection criteria from
events with fake electrons, photons or 6ET. Individual rates are estimated as being equal
to the number of observed events (Real Process) multiplied by the rate at which additional
objects from fakes (Fake Process) are observed in the event. The Real Process rate is taken
or estimated from Table 17 and the Fake Process rates are taken from Table 18.
• eeγ: The 80 ee events in the data with Mee > 110 GeV, multiplied by the fake+real
additional photon rate of 6× 10−4.
• eγγ: The 49 eγ events in the data, multiplied by the fake+real additional photon rate
of 6× 10−4.
• WWγ: The 4 WW events in the data, multiplied by the fake+real additional photon
rate of 6× 10−4.
• Wγγ: The 4 eγ 6ET events in the data, multiplied by the fake+real additional photon
rate of 6× 10−4.
• ePlug 6ET: The 40000 eplug 6ET events in the data. These events come from both W and
cosmic ray production.
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Process 1 Process 2 Calculation Exp. Events
WWhigh mass γγ 4 × 2183×1012 3× 10−10
Wγ Wγ 4 × 4
3×1012 5× 10−12
Wγγ → eplugγγ W → ecent 6ET 1× 10−2× 580003×1012 3× 10−10
eeγ γ 6ET 5× 10−2× 31813×1012 5× 10−11
Wγγ → ecentγγ ePlug 6ET 3× 10−2× 400003×1012 4× 10−10
WWγ Cosmic → γ 3× 10−3× 3181
3×1012 3× 10−12
Sum ≈ 1× 10−9
Sum× 6 ≈ 8× 10−9
Table 20: The number of events with the eeγγ 6ET signature due to two overlapping events.
These include double interactions, two separate events occurring in the same bunch crossing,
as well as an event with additional objects from a cosmic ray which interacted or radiated
in the detector. The number of expected events is estimated to be equal to the rate of the
‘real’ part of the event (Process 1) times the probability of observing a particular type of
overlapping event (Process 2). The probability is defined to be equal to the number of events
with the signature divided by the number of bunch crossings in the data (3× 1012). To take
into account the fact that 4 interactions are observed in this event the estimate is multiplied
by 6.
5.3 Total Standard Model Rates
The possible standard model sources are divided into two classes- those in which the second
electromagnetic cluster passing the electron selection criteria is caused by an electron, and
those in which it is not. The standard model estimate for the number of events with the
eeγγ 6ET signature where the plug cluster is allowed to be due to an electron is dominated
by real WWγγ production with a total of 8× 10−7 eeγγ 6ET events expected. standard
model tt¯ production contributes an additional 3× 10−7 events. The total fake rate, split
roughly equally between eeγγ + fake 6ET, eeγ 6ET + fake photon and eγγ 6ET + fake plug
electron, contributes a total of 3× 10−7 events. Overlapping events, including cosmic rays
are estimated to contribute a total of 8× 10−9 events. Including the uncertainties, the total
rate is estimated to be:
NStandard Plug e RequirementsExpected = (1± 1)× 10−6 events. (9)
With the addition of the SVX data and a thorough scrutiny of the plug cluster, there are
good indications that the cluster may not be due to an electron. The total rate where the
plug cluster is not due to an electron is reduced from that above because the dominant
backgrounds (WWγγ and tt¯), each of which produce two electrons, are removed. The
total, dominated by eγγ 6ET + fake plug electron, is 6× 10−8. Overlaps are again negligible.
Including the uncertainties, the total rate is estimated to be:
NPlug Cluster not an eExpected = (6± 6)× 10−8 events. (10)
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6 Setting Limits with the γγ +X Analysis
The low probability of a satisfactory standard model explanation for the ‘eeγγ 6ET’ candidate
event leaves open the possibility of new physics interpretations. A number of theories put
forward to explain the event predict that other events from related decay modes should
appear in the γγ + X searches. Since there is no evidence of these events in the central
diphoton sample, quantitative limits can be set on such scenarios.
6.1 Anomalous WWγγ Production
It is improbable a priori that the eeγγ 6ET candidate event is from standard model WWγγ
production, as shown in Section 5. However, the event could be an example of anomalous
WWγγ production [47]. This hypothesis can be tested quantitatively by assuming that the
one event was produced at its mean cross section and using the standard model WWγγ
Monte Carlo to estimate the mean number of events in the WW → jjj decay channel using
the following:
NExpectedγγ+jjj ≈ NObservedγγ+ℓiℓj 6ET (11)
×( Rate (WWγγ → γγ + jjj)
Rate (WWγγ → γγ + ℓiℓj 6ET)
)
where the γγ+jjj channel is defined as two photon which pass the high-ET diphoton selection
criteria (EγT > 25 GeV) plus 3 or more jets as defined in Section 3 and the γγ+ℓℓ 6ET channel
is defined as 2 or more leptons in any combination as defined in Section 3 and 6ET> 25 GeV.
Only 3 jets are required because the acceptance is almost cut in half by requiring a fourth
jet. All leptonic decays (e, µ or τ) of the WW pair is used as a normalization rather than
just the ee channel to be conservative.
The Monte Carlo estimates thatWWγγ production should produce γγ events with 3 or
more jets 30 times more often than events with two photons, two charged leptons and 6ET.
With one γγℓℓ 6ET candidate event and no events with 3 or more jets in the data (see Table 8
and Figure 13) anomalous WWγγ is excluded as the source of this event at the 95% C.L.
6.2 Supersymmetric Models
Several theories have been proposed to explain the eeγγ 6ET candidate event [2, 3, 4]. The
trademark of many of the supersymmetric versions [48] is that in addition to the two photons
produced, two or more of the lightest supersymmetric particles (LSP) are produced in every
event, either by direct production or by cascade, and leave the detector causing an energy
imbalance.
In light gravitino scenarios [2] the gravitino can have a mass on the order of 1 eV and
for most of the parameter space the lightest neutralino, N1, has a branching ratio of ≈100%
into γG˜. The lifetime of the N1 depends on MG˜; the decay occurs inside the detector for a
gravitino mass less than approximately 1 KeV. The G˜ is very weakly interacting and escapes
the detector leaving an energy imbalance. These models can produce the eeγγ 6ET signature,
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for example, via:
C1C1 → (νe˜)(νe˜)→ ν(eN1)ν(eN1) (12)
→ eν(γG˜)eν(γG˜)→ eeγγ 6ET
For concreteness, limits on light gravitino scenarios are set using a gauge-mediated model
in the MSSM, hereafter referred to as the minimal gauge-mediated model. The parameter
space in these models is spanned by M2, tan β and the sign of µ. To simulate these models
we have used a custom interface [49] to the SPYTHIA Monte Carlo [50] which calculates the
inputs to SPYTHIA using the full one-loop renormalization group effects calculated in [2]e.
Full simulations are done for a total of 50 points in parameter space: M2 = 75, 100, 125,
150 and 200 GeV, tan β = 1.1, 2, 5, 10 and 25 and Sgn(µ)= ±1. For most of parameter
space MC1 ≃ MN2 ≃ 2MN1 and the production cross section is dominated by C1N2 and
C1C1 production which in turn decay to produce two photons and missing ET in every
event. Figure 28 shows distributions in ET of the photons and 6ET (after simulation and the
full diphoton and ∆φ 6ET−jet requirements of Section 3.1) for M2 = 150 GeV, tan β = 10 and
Sgn(µ)= 1.
The N2 → γN1 model of Kane et al. [3] predicts the N2 to be pure photino, N1 to be
pure higgsino and the higgsino to be lighter than the photino. In this case, the N1 is the
LSP, the gravitino is too massive to play a role in the phenomenology and the dominant
decay of the N2 is through the one-loop radiative decay with Br(N2 → γN1) ≈ 100%. The
eeγγ 6ET signature can be produced, for example, via:
e˜Le˜L → (eN2)(eN2)→ e(γN1)e(γN1)→ eeγγ 6ET. (13)
For concreteness, limits are set on a particular point in parameter space [51] with
MN1 = 36.6 GeV, MN2 = 64.6 GeV and a total sparticle production cross section of 11.5 pb.
To provide a normalization point for future model-builders to estimate the detector efficiency,
N2N2 production (σN2N2 ≈ 2 fb) is used to set cross section limits. The distributions in ET
of the photons and 6ET (after simulation and the full diphoton and ∆φ 6ET−jet requirements of
Section 3.1) are shown in Figure 29.
6.3 Acceptances
The acceptance for a given model is determined using the following equation:
Acc = ΣAiMC × C i(ID and Iso) × Czvertex (14)
×CETOUT × C iTrig
where the index, i, is for the two different regions (12 GeV < Eγ2T <22 GeV and
Eγ2T >22 GeV) to take into account the different trigger requirements and photon selections,
AiMC is the acceptance from the Monte Carlo using the full detector simulation for the dif-
ferent regions, C i(ID and Iso) is the correction for differences between photon identification and
isolation variables in the data and in the detector simulation, Czvertex is the correction for
differences between the distributions of the interaction point, zvertex, in the data and that
simulated in Monte Carlo, CETOUT is the efficiency of the energy-out-of-time requirement
and C iTrig is the correction for the trigger efficiency. The corrections (taken from Chapter 2)
are summarized in Table 21.
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Figure 28: The distributions in ET of the
photons and 6ET in the minimal gauge-
mediated model with M2 = 150 GeV,
tan β = 10 and Sgn(µ)= 1. The sample is
normalized to 5000 events generated, which
correspond to an integrated luminosity of
7,163 pb−1.
Figure 29: The distributions in ET of the
photons and 6ET for N2N2 production in the
N2 → γN1 model with MN2 = 64.6 GeV, and
MN1 = 36.6 GeV. The sample is normalized
to 5000 events generated, which correspond
to a luminosity of 2,272 fb−1.
6.4 Results for γγ + 6ET
A single set of requirements, EγT > 12 GeV and 6ET > 35 GeV, is chosen as it is estimated
to exclude the maximal amount of parameter space for the light gravitino model. The
acceptances are typically between 1% and 10%. Figure 30 shows the acceptance and number
of expected events versus the N1 mass.
Only one event in the diphoton data sample passes the requirements (the eeγγ 6ET can-
didate event). Figure 31 shows the contour plot of the excluded region in the tanβ versus
M2 plane. The shaded regions in Figures 32 and 33 show the limits as a function of the N1
and C1 masses, respectively as the parameters are varied. The lines show the experimen-
tal limit and the theoretically predicted cross section for the lowest value of the N1 or C1
mass which is excluded. The N1 is excluded for MN1 < 65 GeV at 95% C.L. (this occurs
at tan β = 5, µ > 0). The C1 is excluded for MC1 < 120 GeV at 95% C.L. (this occurs at
tan β = 5, µ < 0).
The same selection criteria are used for the N2 → γN1 model. The model is not excluded
by the data as only 2.4 events from all sparticle production and decay are expected to pass
the selection criteria. The acceptance for N2N2 production is 5.4% with a 95% C.L. cross
section upper limit of 1.1 pb. These results, along with the light gravitino results and the
results of Section 3, are comparable to those of LEP [52, 53] and the DØ collaboration [54].
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Correction Requirement Requirement
12 GeV < Eγ2T <22 GeV E
γ2
T >22 GeV
ID and Iso 0.69± 0.07 0.84± 0.08
|zvertex| < 60 cm 0.965± 0.008 0.965± 0.008
ETOUT = 0 0.975± 0.004 0.975± 0.004
Trigger 0.96± 0.01 1.0
Total Correction 0.62± 0.06 0.79± 0.08
Table 21: The corrections used to take into account differences between the true detector
response and the detector simulation. The identification and isolation requirement correc-
tions are labeled as ID and Iso. The energy out-of-time requirement correction is labeled as
ETOUT.
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Figure 30: The acceptances (upper plot) and
the number of expected events (lower plot)
for various points in parameter space plotted
versus the N1 mass in the minimal gauge-
mediated model.
t
~
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Figure 31: The contour plot of the excluded
region of the minimal gauge-mediated model
in the tan β versus M2 plane.
6.5 Conclusions
The diphoton data set is a good place to search for new physics. The fact that there are no
γγ+ ≥ 3 jets in the data excludes a model of anomalous WWγγ production as the source of
the eeγγ 6ET candidate at the 95% C.L. Similarly, the diphoton + 6ET data show no evidence
for new physics with the possible exception of the eeγγ 6ET candidate event. Although, we
have some sensitivity to supersymmetric models with photonic final states, there is a large
amount of parameter space which remains unexplored. More data are required.
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N1→ g G
~
Figure 32: The 95% C.L. cross section upper
limit from the data versus theN1 mass in the
minimal gauge-mediated model. The shaded
region shows the range of cross section lim-
its as the parameters are varied within the
ranges 1 < tanβ < 25, M2 < 200 GeV, and
µ > 0 or µ < 0. The lines show the ex-
perimental limit (solid line) and the theoret-
ically predicted cross section (dashed line)
for the lowest value of MN1 that is excluded
(MN1 < 65 GeV at 95% C.L., for tan β = 5,
µ > 0).
N1→ g G
~
Figure 33: The 95% C.L. cross section upper
limit from the data versus the C1 mass in the
minimal gauge-mediated model. The shaded
region shows the range of cross section lim-
its as the parameters are varied within the
ranges 1 < tanβ < 25, M2 < 200 GeV, and
µ > 0 or µ < 0. The lines show the ex-
perimental limit (solid line) and the theoret-
ically predicted cross section (dashed line)
for the lowest value of MC1 that is excluded
(MC1 < 120 GeV at 95% C.L., for tan β = 5,
µ < 0).
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7 Conclusion
We have searched a sample of 85 pb−1 of pp¯ collisions for events with two central photons
and anomalous production of missing transverse energy, jets, charged leptons (e, µ, and τ),
b-quarks and photons. We find good agreement with standard model expectations, with the
possible exception of one event that sits on the tail of the 6ET distribution as well as having
a high-ET central electron and a high-ET electromagnetic cluster.
The eeγγ 6ET candidate event has sparked interest in the physics community. The most
probable explanation is that this a single p¯p collision which produced a high-ET, isolated
electron, two high-ET, isolated photons, a high-ET isolated electromagnetic cluster which
could be an electron, photon, tau or jet, and a significant amount of missing transverse
energy. A conservative estimate predicts that there should be a total of (1± 1)× 10−6
events in the data with the eeγγ 6ET signature. If sources which produce a second electron
are excluded the rate drops to (6± 6)× 10−8 events.
The eeγγ 6ET candidate event is tantalizing. Perhaps it is a hint of physics beyond the
standard model. Then again it may just be one of the rare standard model events that could
show up in 1012 interactions. Only more data will tell.
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A Details of the SVX Stub Finding Routines
This appendix discusses the Silicon vertex detector (SVX) and the algorithm for finding stubs
for electrons in the plug calorimeter. The SVX is a single-sided silicon microstrip detector
made from 300µm thick silicon wafers. Three wafers are bonded together to form a 25.5 cm
long ‘ladder’ with the strips running lengthwise to provide r − φ coordinate measurements.
Four layers of ladders (numbered 0-3) are placed at radii of 2.86 cm, 4.26 cm, 5.69 cm, and
7.87 cm and arranged in a projective wedge that subtends 30◦ in φ. Twelve wedges form
a “barrel”; Two barrels are placed end-to-end along the beam direction to cover the region
1 cm < |z| < 28 cm. The SVX tracking results are described using three different terms: hit,
cluster and stub. When a charged particle traverses the SVX it typically deposits energy in
2 or 3 strips per layer. If enough energy is deposited in a strip it is referred to as a ‘hit.’
A ‘cluster’ finding algorithm joins the adjacent hits on the layer and determines a mean
position with a typical resolution in φ of 5-15 mrad. Joining 3 or more clusters on different
layers produces a ‘stub’ with a typical resolution of 1.5 mrad.
Typically, the SVX is used to find stubs associated with CTC tracks. We use a method
similar to that in Ref. [37] which is based only on the calorimeter and the vertex position
information as an input to the SVX stub finding algorithms. The SVX stub-finding algorithm
searches for SVX clusters in the region of≈ ±100 mrad around the φ of the electron candidate
and uses the ET and φ information in the fit. Any stub found is required to pass the
requirements in Table 22 to ensure that it is well-measured.
Cut Description Requirement
SVX Fiducial Trajectory must pass
through ≥ 3 layers of the SVX
1 cm < |zLayerTrajectory| < 26 cm
≥ 3 layers with clusters
Well Measured χ2SVX < 2.0
Correct η 80 < QCentralMin < 200
100 < QPlugMin < 200
Table 22: The SVX stub-finding requirements for electrons. Any stub found by the SVX
tracker must pass through the fiducial part of the SVX, be well-measured and be consistent
with being from an electron in the central or plug calorimeter.
Using dE
dX
techniques, the η for the stub can be inferred. The amount of charge (which
is proportional to the energy deposited in the silicon) collected by the SVX strips, Q, helps
determine the path length of the particle through the strip. For a given stub, the cluster
with the smallest amount of charge deposited, normalized by the trajectory angle QUncorrMin ×
Sin(θ) = QMin, is a good measure of the direction of the charged particle. We require
80 < QCentralMin < 200 and 100 < Q
Plug
Min < 200.
In the eeγγ 6ET candidate event, the hypothetical trajectory between the vertex at
20.4 cm and the location of the cluster, as measured in the calorimeter, passes through
the inner three layers of the SVX, and passes between the two SVX barrels at the radius of
the fourth layer, as shown in Figure 20. The 3-cluster stub which is found appears to be
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well measured, χ2SVX = 0.54 and QMin = 145. The ∆φ is measured to be ∆φ =-29 mrad to
be compared with an the -2.6 mrad expected for a 63 GeV positron. As a check, the charge
deposition in the SVX clusters can be studied to infer a best guess for η. Using the vertex at
20.4 cm, QUncorrMin = 422 and that typically 100 < Q
Uncorr
Min Sinθ < 200 yields the prediction that
1.42 < |η| <2.11. Independently, assuming the vertex at 20.4 cm, the cluster pattern (i.e,
only the inner three layers were hit in a single barrel) implies the range −1.9 < η < −1.61
or 0.7 < η < 0.8. Both estimates are consistent with the cluster at η = −1.72.
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